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AERODYNAMICINVESTIGATIONOX A CUPANEMOMETER*

By John D. Hubbardand GeorgeP. Brescoll

SUMMARY

This thesispresentsthe resultsof an investigation
whereinthe changeof the normalforcecoefficientwith
ReynoldsNumberwas obtainedstaticallyfor a 15.5-centi-
meterhemisphericalcup underthe followingconditions:

(1) Singlecup withno interference—

(2) Singlecup with three-cupinterference

(3) Four cups

The coefficientsfoundin this researchvary with
ReynoldsNumberand are high as comparedwith thoseof
Eiffel.

The effectof interferenceupon a singlecup is to
increasethe dragand normalforcecoefficients.

The curveresultingfrom the summationof the coeffi-
cientsfor four cupsagreeswith the statictorquecurve
of a Robinsontypecup anemometer.

All testswero carriedon in the Universityof Detroit
atmosphericwind tunnelduring‘&Y 1933.

--— ——-—.--.——..-_——

*Thesissubmittedin partialfulfillmentof the require-
mentsfor the degreeof Bachelorof Sciencein Aeronauti-
cal Engineeringin the Departmentof AeronauticalEngineer-
ing in the Collegeof Engineeringof theUniversityof
D@troit,June 1933.
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TABLEOF SYMBOLS

trueair speedin ft./see.

measureddrag in lb.

mass densityof air = 0.00237ft.‘lb. /B0Ca

kinematioviscosity= 0.000159ft.a/sec.

diameterof cup in feet

projectedarea of cup

~pv’= dynamicpressure

D— = absolutecoefficientqa

Vd--v = ReynoldsNumber

weightof cu.ft.of alcohol

heightin inchesof alcohol

normalforcecoefficient

* CN = CD of cup when movablecup is at O0 and 180°
positioa

INTRODUCTION

Quitea few testshave beenrun on the cup-typeane-
mometer, Slippage,sensitivityof the instrumentin gusty
air and the wind forceon variouslyshapedcupshavo all
beon investigated.Sometimos,testswerenot conducted
under the best of conditions.Yor instance,the hemispher-
ical cup~d~agcoef$~c~~ntsobtainedby Eiffelin his cir-
““cufi-cham%e$’’typ~winae~biifiblarb’~o~sibly”subjectto,large
experimentalerrordue to the turbulenceof the air stream.
This was mentionedby Wiesolshergeria his c,ommenton tho
tests.

.
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Thispresentinvestigationwas undertaken:first,to
determinethe characteristicdrag coefficientsfor“%-wo
positionsof the cup (concavesideand convexsidenormal
to wind);second,to observetho interforertceeffectsof
throocupsupon the singleremai.niagcup of a four-cup
Robinsontypeanemometer;third,to checkthe characteris-
tic statictorquecurveof a Robinsoncup anemometerwith
a curveof the summationof theoreticalcoefficientsfor
four cups%asedon single-cupdata obtai~odfrom single
cup with iaterforencetests.

Tho testingof a hemisphericalcup showsthatthere
is a variationin drag coefficientas wellas aorrnalforce
on the cup for everypositionwith respectto *he wind as
the cup is rotatedthrough360°. It is on thisvariation
that the operationof the Robinsoncup anemometeris based.

APPARATUS

The apparatusused in this experimentfor the measure-
ment of normalforceon hemisphericalcupswas as follows:

1. A specialRobinsoncup typeanemometeras shown
in figures1-6. This four-cupanemometerwas essentially
made up of a tube calledthe housingtvhichcontaineda
hollowspindle,two ball bearings,a steeltorqueshaft,
and two baseplateswith an angularchangewheellocated
betweenthe plates. (Seofigs.5 atid6 for detailviews.)

The spindlewas mountedon two ball-bearingunits
whichallowedtt to rotatefreely. The solidtorque
shaft,surroundedby the hollowspindleand housing,was
held in place by two adjustingSeat screwshavingconod
seatsto take thepointedendsof the torqueshaft. Thus
the torqueshaftwas permittedto swingfree of bothhous-
ing and spindle(fig.7).

Intothe head of the spindlewere threadedthreesteel
cup rods. Theserodswere in a horizontalplane90° apart.
The enclosedhead of the torqueshaftheld the fourthcup
rod and a hole throughthe spindleallowedthis cup rod
shout15° free swing. The shaft,spindle,and housing-
were mountedverticallyon the two horizontalbase ‘plates@

The baseplateswere separatedby fourbrass spacers
to allowthe angularchangewheeland leverarm sufficient
clearaace. .
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The angularchangewheelwas rigidlyfastenedto the
torqueshaftand pinnedby a reraova31epin to the lever
arm whichin turnwas joi~edto the dragwiT6. By this
me,thodthe dragforceswere transmittedto the dragwire.
Holesdrilledin the angularchangewheelat a constant
radiusat 15° intervalsmade it unnecessaryto unfasten
the dragwire fromthe apparatusthroughoutthe tests.
Tha cuppositioncouldbe changedsimplyby pinningtho
arm to the desiredstationor hole in tho angularchange
wheel. So thatthe cup rods shouldremainat 90° at all
times,a similarpin and hole arrangementwas made on the
dial of the spindleplateand housing..

By wedgingthe movablecup rod to the spindle,the
torqueshaftcouldbe made to takethe resultantdragof
the four cups,

2. The Universityof Detroitatmosphericwind tunnel
has a closedtest sectionof 10 by 7 feetand possibleair
speedsto 110 milesper hour. The air is forcedthrough
the tunnelby a l~foot, 4-bladepropelleron a 200 horse-
power directcurrentmotor. Becauseof the need of speed
variation,the WardLeonardSystemof controlwas incor-
poratedin the tunrielconstruction.

fihedrag bal~~ce(fig.8) of the tunnelon whichall
the normalforceswere measured,was a simplesemiautomat-
ic beam balancewith a runningweight. This runningweight
was moved‘inand out alongthe beamty a reversibleelec-
tric motorand wornarra~gement.The balancewas automat-
icallykept in equilibriumby two co~tactpointsat the
end of the beam,

A pitot-statictubewithinthe test seotionof
the t%nel in conjunctionwith a micromanometer(fig.9)
was used as an air-speedIndicator.

PROCEDURE

The apparatuswas setup in the tunnelas shownin
figure1. The firstgroupof,run,swas.nadefor thepur-
pose of measurias,in 24 positicis,the normalforceon
one cup at velocitiesof 10, 15, 20, and 40 m.p.h.air
speeds.

.

r
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The cap fastenedto thehead of the torqueshaftwas
s-et$ri”number1 position,i.e.,the concavesideof the
cup”perpefi’d-iculartowardthe“relativewind. A zeroread-
ing was’ma-deto findthe initialstaticloadon the drag
balance. Thena velocityof 10 milesper hour, equivalent
to’O.06075 inchof alcohol,was setup in the tunnel.
Readingswere takenwith the cup set at 15° intervals
througha rangeof 360°.

.

Similarrunswere made for velocitiesof 15, 20,”and
40 milesper hour and for eachtesta new zeroreadingwas
obtained.

The secondgroupof runswas takenwith the apparatus
set up as shownin figures2-4. The normalforceon a
singlecup with three-cupinterferencewas‘measuredin the
samemanneras the firstgroup. However,carewas taken
to have the cup rods in a horizontalplane90° apart.

The finalgroupof runswas made with the torquq. .
shafttakingthe resultanttorqueof four cups. The appa-
ratuswas arrangedfor this by removingthe spindlepin
and wedgingthe movable,cuprod fast to the spindle. Thus
the torqueof the threecupswas tratismittedto the mova-
ble cup rod where it was takenby the torqueshaft. Read-
ingswere takenthrougha rangeof 1800 for velocities.of
10 and 20 milesper hour.

—

RESULTSAND SAMPLECALCULATIONS

The data,as recordedin the laboratory~
correctedfor tare dragand for resistanceof

had to be
the exposed

wiresand reducedto a-coefficientformwherein -

c~ = normalforcein pounds
* pv=s

Table I containscalculateddatawherein q, the dy-
namicpressure,was obtainedfrom q =+pv’. The height
of alcoholin inches (h) was obtainedfrom
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Table II, containingwireand platedata,was calcu-
latedafterthe discoverywas made thatthe stirrup,to
which the dragwirewas attached,had slippedoff the
knife-edgeof the bell crankaud therebygave falseread-
ingsfor the observedwire and plate drag. The determina- —
tion of R.N. of the wireswas:

obtainedfroma chart.of CD

Drag of wires= CD* Vadt

where

“R.N.= $$. The CD was

against R.N.

d = diameterof wire in feet

1 = effecttvelengthin feet

The dragof theplatewas obtained-:

D =CD+~VaS

where CD was assumedto be 0.20.

Table III containscomputeddatafor the rod obtained
in similarmanneras the dataon wire in table11. After
obtaining CD, the,dragwas computedfor the conditionOf . #
the ro,dperpendicularto the wind. Yhe changedue to the
angularityof the rod will be foundin tableIV (refer-
ence 1).

TablesV-XIIcontainthe observeddataand calculated
data fromwhichthe absolutenormalforce”coefficients
wereoobtatned.A samplecalculationforpositionnumber1
or O positioafora 20 m.p.h.air speedfollows:

From tableVII:

Grossreading. . . . . . . . 2.899

-Zero. . . . . . . . . . . . 1.099 ~
1.800

- Drag due to .wfresand plate..040.Q
1.760

- Drag due to rod . . , . . . . 0.016--——
Totalnet drag . . . . . , . 1.744
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.,
To,put this forceon the cup, the follow%g ra%-~’

waaused. ,. . .-. _
., ,.

~cjrce on ~ala~ce= leverarm of cup—-— —.—-—- —— -...forceon cup lever arm of %alance

, Yorceon cup= 0.1805forceon balafice

......Normalforceon cup = 0.1805X 1.744= O●3130

.—
_-

1s.75=_
2.48

,,

The normalforcecoefficientswere calculatedfrom
‘-~h’e“qu~rik.ftiesexpressedin unitsof lb. ft.-see.SYStem,
ah

CN= normalforce
qs

c~ = 0.3130
0.603 X 0.205

In ta%lesXIII and XIV will

—

= 1.485

be foundthe simultane-
ous forceof four cures.In thesetablesthe rod drae is ‘
neglecteddue to the-factthat the
neutralizeeachother.

TableXIV-A showscomparative
from observedsingle-cupdata.

A summaryof ‘thecoeffici.eats
xv●

forceson the fou=rods

four-cupdatahilt up

will be foundin tatle

DISCUSSIONOF RIISULTS,

The resultsof tablesV-XIVare foundplottedin fig-
ure 10 and show the computednormalforcecoefficientvs.
cup position. It is readilyseenthat the curvesfor“the
single-cuptestsfolloweachothercloselyas do the curves
for the testswith three-cupinterference.It is also no-
ticeablethat the maximumvaluesfor the three-cupinter-
ferencetestsoccur15° aheadof testson the singlecup.
This indicatesthatthe maximumstatictorquev&ue of an
anemometeris reachedwhen the opon cupsare 30 and 120°
to the relativewind, This fact is borneout in the plot
of testswhereinthe four cupsacted simultaneously,

The minimu’myointsfor 3oth setsof testsoccurat
105° and 240°,althoughthe curvesare shownas going
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throughthe samepoint.at90°. This is dne to the offoct
of shieldingof the cup,bythe mast or housing. Tho
pointsar~ morewidelyspreadat 240°,hut the slopeof
the curvesseemsto indicatethatthe minimumoccurshere.

Th’egraphof figure11 showsthe variationof normal
forcec-oefficientvs. cup posftioufor a singlecup for
variousspeeds. Of specialinterestin thisgraphare the
o cuppositionswherethe concavesideof tho cup was
psrpend~cularto the relativemind,and the 180° cupposi-
tionswH&&e’theconvexsidewas presented.

The resultsof tablesV-XIVare shownin anotherman-
ner in figures12-15whereinthen~rmalforcecoefficient
wore plottedas polardiagramsfor eachvelocityfor the
singleCIZpand with three-cupinterference.Thesepolar
diagramsshowgraphicallyjusthow the coefficientsof the
cup varyas the cup is revolvedthrough360°.

The outstandingobservationis that the coefficients
for the three-cupinterferencerunsare (at corresponding
positions)nearlyall of greatervaluesthanthosefor the
singlecup. This,perhape,indicatesthatwhen thereis a
turbulentflow,coefficientsof resistancemay be expected
to be of greatermagnitude.

To furtherillustratethe effectof variationof nor-
mal forcecoefficients,figure16 showspolardiagramsfor
a singlecup at variousSpeOdf3. This graphshowsexcel-
lent similarity,of the‘curves.

The polar diagramsof figure17 are for a singlecup
with three-cupinterference.Thisgraphessentiallyshows
the variationof the normalforcecoefficientdue to change
in velocity, A strikingfact is the highvalueof normal
forcecoefficientat 10 milesper hour.
.

The resultsof tableXIV-Aare shownin figure18.
This showsthe agreementbetweenthe actualnormalfarce
coefficientand the so-calledlltheoreticalnormalforce
.COOffiCint,ilcomputedby addingthe coefficientsat sta-
tions908 aparton a singlecup. This check-sverywell
with the measuredstaticforceof the four cupsas tho
curvesare practicallyidentical.

.

A summaryof tho resultsof tableXV is foundin fig-
ure 19, whereintho normalfor~ecoofficiontsof the con-
cave and con-vexGid-esare plbttedagainstReynoldsNumber

.

for the singlecup and with three-cupinterference.
*
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The convex-sidecoefficientsdecreasewith increase
of ReynoldsNumber. The effectof three-cupinterference
increasesthe uormalforcecoefficients.

The concave-sidecoefficientfor the single-cupvalue
at 10 milesper hour of 1.620increasingto 1.756at 15
milesper hour and thendropptngto 10575at 20 milesper
hour and to 1.565at 40 milesper hour. A plot of these
coefficientsshowssmallvariancein value.

There is reasonto believethatwith greaterinoreaso
in ReynoZdsNumber,thesecurvesmay asymptoticallyap-
proacha constantvalue (referenceZ}. However,thereis
no theoryto supportthis conclusionof asymptoticapproach-

Eiffelfoundvaluesof 0.33 for the convexsideand
1.33 for the concaveside. The resultsof this investiga-
tion indicatethat thesevaluesare low. Had tests%een
made at highervelocities,a bettercurveof drag coeffi-
cientvs. ReynoldsNumberwouldhave resulted,and a more
deftniteconclusionreached.

CONCLUSIONS

With the completionof thisresearch,severalfacts
standout.

The coefficientsfoundin this researchvary with
ReynoldsNumberand are high comparedwith thoseof Eiffel.

The effectof interferenceupon a singlecup i,sto in-
creasethe dragand normalforcecoefficiouts.

The curveresultingfrom the summationof coefficients
for four cups agreedwith the statictorquecurveof a liob-
insontype cup anemometer.

It is recommendedthatfurtherstatictorquetestsbe
carriedout on thissubjectusing a definiteseriesof cup
sizeswith varyingcup-rodlengthsand for a largerveloci-
ty range. Yurtherstudymightbe made on the dynamictorque
characteristicof an anemometer.

.—.

Thanksare extendedat this time to GeorgeJ. Higgins,
AssociateProfessorof Aeronauticsfor his constructive
suggestions;to TheodoreOtNeilfor
erationon the machinework done on
E&war&DU Bois for his manyhelpful

his financialconsid-
the model,and to
laboratorysuggestions.
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&

‘mph

10

15

20

40

.

Vfps

14.66

22.Q6

29.33

58.7

TABLEI

CalculatedData

—

215

507

859

3434

q (lb. )

0.2!56

O.603

1.021

4.090

(incheshalcohol)—
0.06075

.155

.243

.9’73

TABLE11

Wire and PlateData

..—

‘mph

10

15

20

40

R.N.

215

323

430

860

logloR.N.

2.33

2,51

2.63

2.93

CD

1.18

1.12

1.,04

.93

Wire used was 0.028 diameter.

drag

0.0030

.0069

.0109

.0394

0.2

.2

.2

.2

.

drag
.—

0.00’72

.0169

.0287
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R.N.

1928

2880

3840

7680
*

TABLE111

Rod Data

3.283

3.459

3.584

3.885

Rod used was 0.250 inch diameter.

0.85

.8?

.88

.95

TABLE IV

AngularDrag of Rod

Anglewith
relativewind
(degrees)

90

75

60

45

30

15

0

——

Relativeresistance
of projectedarea

1.0

.95

.80

● 55

.35

●20

11
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9ABLE~

Yorce of SingleEeriispher3.calCup———. —.—

cup
posi-
tion

1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
1’7
18
19
20
21
22
23
24

Velocity10 m~p~ho

Gross Zero

I
1.54911.128
1.566
1.641
1.’748
1.585
1.349
1.135
1.051
1.040
1.036
1.018
1.009
0.977
.995
1.019
1.066
1.062
1.05’7
1.082
1.360
1.628
1.791 ~
1.624
1.595

.—. —. ...

Due to
plate
and
wires
0.012

—.——

Due to
rod

0.0038
.0036
.0030
.0021
.0013
.0007

0
.0007
.0013
.0021
.0030
.0036
.0038
,0036
.0030
.0021
.oo-i3
.0007

0
.0007
.0013
●0021
.0030
.0036

Net
(lb. )

0.407
.424
● 500
.608
.446
.210
.003
.084
.094
.100
.117
.126
.158
.140
.116
.070
●075
.081
.056
.222
.489
.651
.483
●453

Normal
force
on cup

0.0730
.0760
.0897
.1090
.0800
.0377
.00054
●0015
.00167
.0179
.0210
,0226
.9284
.0251
.0208
.00125
.00168
●00145
.0010
.0396
.0896
,1170
.0867
.0815

1,390
1.445
1,710
2,080
1.525
0.718

.0102

.0287
,0321
.342
.400
,431
● 541
.478
.396
.0238
.032
.0276
.0191
.755

1.705
20230
1.650
1.550

., .
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TABLEVI

Forceof SingleHemisphericalCup———, .-—. .-—.. ....
Velocity15 m.p.h.

cup
posi-
tion

1
2

:
5
6
?
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

=T=_
2.259
2.315
2.492
2.725
2,222
1.665
1.125
0.942
.935
.957
.864
.865
.828
.827
.8!58
.955
.985
.958
10035
1.762
2.420
2.462
2.336
2.260

Due to
plate
and
wires

0.0238

- .

Due to
rod

0.0090
.0085
.0072
.0050
.0031
.0018

0
.0018
.0031
.0050
.00’72
.0085
.0090
.0085
.0072
.0050
.0031
.0018

0
.0018
.0031
,0050
.0072 ~
.0085

—.— —

.——

Net
(lb. )
.—
1.104
1.160
1.339
1.574
1,0’73
0.517

.020
,202
.207
.183
.274
.272
.308
.310
.280
,185
.157
.186
.110
.614

1.271
1.311
1.183
1.105

Normal
force
on cup

0,198
.208
,240
.283
.193
.0928
.00359
.0362
.0372
.0328
.0492
,0488
.0552
.0557
.0503
.0332
.0282
.0334
.01975
.1105
.2285
.236
.2125
.1985

1,602
1.685
1.942
2.290
1.562
0.750

.0291
,293
.301
.266
.398
.395
.446
.451
.407
.269
.228
.270
.160
.895

1.850
1.910
1.720
1.605
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TABLEVII

I?orceof SingleHemisphericalCup—.— .——.

.

,

cup
posi-
t~o=

2
2
3
a&
5

;
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
1

Gross

—-
2,899
2.941
3.218
3.535
2.772
1.901
1.165
.845

1.058
.905
.752
.641
● 621
.633
● 700
.859
1.098
,876
.936

2.197
3.L27
3.197
3.058
2.905
2.852

Velocity 20 m.p.h.
—.

1Zero

+
9

I

Due to
plate
and
wires

o*o~96

Due to
rod

0.0158
.0150
.0125
.0087
.0055
.0031

0
.0031
.0055
.0087
.0125
.0150
.0158
.0150
.0125
,0(397
.0G55
.@031

o
.0031
.0055
.0087
.0125
.0150
.0158

.—

Net
(lb.)

,——

1.744
1.787
2.066
2.387
1.627
.759
.026
,290
.075
.225
● 374
,482
.502
● 490
.426
.271
.045
.259
.202

1.055
1.982
2.049
1.906
1.751
1.697

Normal
force
on cup
——
0.3130
.3205
.371
.428
.292
.1362
.00467
.0520
.0134
60405
.0671
.0865
.0900
.089
.0765
.0487
.0081
.0465
.0363
.1895
.356
.368
.342
.3142
.3022

c~

——
1.485
1.522
1.’760
2.035
1.385

.64’7

.0222

.247

.636

.192

.319

.410

.4275

.423

.363

.231

.0384

.221

.1725
● 900

1.690
1.750
1.625
1.495
1.435
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.—

cup
posi-
tion

TABLEVIII

Forceof SingleHemisphericalCup

1
~
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

1

Gross

2.434*1
2.656*1
2.754*1
2.085*3
2.390*1
2.420*2
1.385
1.760
1,239
.418

2.910*4
2,384*4
2.195*4
2.285*4
2.727*4
3.534*4
4.565*4
1,595
2.418
1.495*2
3.143*1
3.679*1
3.122*%
2.567*1
2.333*1

Velocity40 m.p.h.

Zero

1.346

1.017

1.346

——

Due to
plate
and
wires

0.1544

—.— .-.

Due to
rod

.—
0.068

.065

.055

.038

.G24

.014
0

.014

.024

.038

.055

.065

.068

.065

.055

.038

.024

.014
0

.014

.024

.038

.055

.065

.068

Net
(lb. )

,——---
7.231
7.456
7.564
LC).083
7.231
4,090
.214
.603
.092
,715
1.3’77
1.890
2.079
1.992
1.660
.77’0
.247
● 410
1.247
3.165
7.974
8.506
7.932
7.36?
7.130
——

Normal
force
on cup
..
1.295
1,34
1.36
1.810
1.235
.735
.0384
.1085
.0165
,1285
.247
●340
●373
9.358
.298-
.1380
●0444
.0735
9.224
.568
1.435
1.530
1,425
1.325
1,280

1.540
1.595
1.620
2.15
1s54

.875

.0457

.129

.0196
,153
.294
,405
● 444
.425
.355
.164
.0528
.0875
.266
.675

1.710
1.820
1.?00
1.580
1.525
——

*1-6@365-added *2-3.184added *3-g0536-added

*4-3.171-subtracted.
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TABLEIX

Forceof SingleIIeutspY.ericalCup
with Z-cupInterference—-—.— —--—— .—

cup
posi-
tion

1
2
3~

5
6
7
8
9

10
11
12
13
14
15
16
17’
18
19
20
23.
22
23
24

Gross

1.525
1.54Z
1.6Z5
,2.514
1.232
1.204
1.022
.812
.855
.928
.790
.704
.710
.’733
.810
.838
.853
.894
.909
1.307
1.617
1.832
1.685
1.607

Zero

1.037

—.

Due to
plate
and
wires

0.0102

—...-

Due to
rod

0.0038
,0036
.0030
.0021
.C013
.0007

0
.0007
●0013
.C!021.
.0030
.0036
.0038
.0C36
.0030
.0021
.0013
.0007

0
.0007
.@3~3
.0021
.0030
.0036

..—

Net
(lb.)
.—
0.474

● 490
.565
.465
.184
.157
.025
.235
.191
.117
.2!54
.340
.333
.3~l
.234
.207
.193
.153
.138
.260
.569
.783
.635
.556

—.—. .

Hornal
force
Oa cup

0.0850
.0880
.1015
.0835
.0330
.0282
.0045
.0422
.0343
.0210
.c456
.0610
.0598
.0558
.0420
.0371
.0346
.0274
.0248
.0466
.1020
.1405
.1140
● 1000

-—

c~

1 ; 620
1.675
1.930
1.590

.628
,537
.0858
.805
.655
.400
.870

1.160
1.140
1.065

.800

.707
,660
.522
.473
.890

1.940
2.68
2.170
1.905
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TABLEX

Torte of SingleEeuisphericalCup
with 3-CupInterference

—
—

‘1cup
posi- Gross
tion

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

2.244
2.248
2.461
2.237
1.547
1.403
1.083
.888
1.011
.820
.665
.585
.561
.576
.628
.736
.888
.’?63
.846
1.650
2.369
2.495
2.345
2.2’73

Velocity15 m.p.h.
——

Zero

1.002

Due to
plate
and
wires

0.0238
*

Due to lTet
rod (lb.)

0.0090 ‘ 1.209
.0085 1.213
.0072 1.428
.0050 1.206
.0C31 .518
.0018 .375

0 .058
.0018 .135
.0031 .011
.0C50 .200
.0072 .353
.0085 .432
.0090 .455
.0085 ● 443
.0072 .390
.0050 .284
.0031 .Z34
.0018 .260

0 .1’79
.0018 .632
,0031 1.340
.0050 1.464
.0072 1.312
.0085 1.238

—. —

Normal
force c~
on cup

0,217 1.756
.218 1.765
.256 2.070
.2165 1.750
.093 .753
.0674 ●545
.00104 .0084
.0242 .196
.00197 .01595
.0359 .2905
.0633 .512
.0775 .627
.0817 .661
.0791 .640
.0700 .566
.0510 .41.3
.0241 .195
.0467 .378
.0321 .260
.1135 .920 “
.241 1.950
.263 2.730
.236 1.990
.222 1.795
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TABLExx

Forceof Single HefiisphericalCup
with 3-CupResistance.—— .

cup
posi-
tion

1
2
3
4
5

;
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

GXoss

2.871
2.947
3.281
2.91.4
1.879
1.551
.978
.878
,945
.713
.509
,343
,242
.377
.409
.595
.865
.614
.788
2.1s’7
3.151
2.945
2.924
2.805

Zero

0.969

I

Due to
plate
and
wires

0.0396

—.. —

IIueto
rod

——
0.0158
.G150
.C)125
.0087
.0055
.0031

0
●0031
.0055
.009’7,
.Oj 25
.0150
.0158
.0150
.0125
.0~87’
.@c55
●oo31

o
.0031
.OC’55
.GG37
.0125
.0150

. ——

Not
(lb’)
— ——
1.84?
1.924
2.260
1.898
.865
.540
.030
.127
.058
.287
●477
.650
.751
.616
i57’7
.405
.138
.3al
.220

1,176
2.137
1.929
1.903
1.782
——.

—-. .-—

Normal
forco
Oil”cup
.-.——
0.3315

.3455
● 4050
● 3410
.1552
.0970
.00538
.0228
.0104
.0515
.0856
.1165
.1350
.1105
.1035
.0’72’7
.0248
.0685
,0395
.2s10
.3835
● 3460
.3420
.3200

18

1.575
1,640
1.925
1.620
.’738
.460
.0266
.1085
.0495
.245
.407
.555
.641
.525
.492
.345
.118
.325
.188
1.000
1.820
1.645
1.625
1.520
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TABLEXI~

Force of SiugleHemisphericalCup
with 3-CupInterference.—— . .

Velocity 40 m.p.h.

cup
posi-
tion

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
1—.

Gross

2;208*1
2.492*1
3.390*1
1.279*1
1.570*2

.473*2
1.314
1,510

.807
3.225*3
2. 604*3
1.9 S18*3
1.858*3
2.119*3
2.655*3
3.462*3

.823

.921
1.520
2.89’?*2
3.770*~
3.002*1
1.91O*1
1.775*1
1.763*1

Zero

1.024
It
II
u
{1
II

tl

0.763
u
II
u
n
[1
II
u
u
u
u

1.z91
II
u
II
u
u
It

Due to
plate
and
wires—.
0.1544

Due to
rod

0.0682
.0648
.0545
.0375
.0238
.0136

0
.0136
.0238
.0375
.0545
.0648
.0682
.0648
.0545
.0375
.0238
.0136

0
.0136
.0238
.0375
.0545
,0648
.0682

——.

Net
(lb,)

7.327
7.614
8.522
6.428
3.552
2.465
.136
.609
.174
.825

1.429
2.025
2.162
1.904
1.3’78
.588
.190
.021
.1’75
4.722
8.’766
7.984
6.875
6.728
6.615

TNormalforce c~
on cup

*

1.315 L.565
1.370 1.630
1.530 1.820
1.155 1.375
.6375 .758
,4430 9528
.0244 .0129
.109 ,130
.0312 .0371
,148 .172
.267 .318
.364 .433
9.389 .463
.342 ,407
.248 .295
.1055 .1255
.0342 .0307
.00377 .0045
.0314 .0374
.085 .101
1.575 1.875
1.435 1.710
1.235 1.470
1.210 1*44
1.190 1,43.5

*1-6.365-added *2-30184-added *3-3.171-subtracted
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TABLEXIII

SimultaneousYorceof +CUR Anemometer

20

1*13city20 m.p.h.
.-— .—

cup
posifiGross Zero
tion

1 2.248 1.068

2 3.?12

3

4

5

6

‘?

8

9

10

11

12

13

4.s95

4.012

3.172

2.405

2.302

3.538

4.785

4.059

3.175

2.322

2.390

——-—

Due to
plate
and
wires

0.0396

.——..-.—

Due to
rod

o

..... .. . . .. .. .

Net
(l-o. )

1.141

2.605

3;788

2.905

2.064

1.298

1.195

2.431

3.768

2.952

2.068

1.215

1.283

.--.. ——

Normal
force
on cup
——
0.205

.46’7

,680

.521

.371

.233

.215

.436

.6’76

● 530

.371

,218

.230

-.. —.. — .

%

0.975

2.24

3.26

2.50

1.78

1.12

1.035

2.095

3.25

2.54

1.78

1.045

1.105
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TABIIEXIV

SimultaneousForceof 4-CupAnemometer—— .....
Velocity10 m.p.h.

%

.

1

2

3

4

5

6

7

8

9

10

11

12

13

—.

Gross

1.312

1.621

1.913

1.782

1.507

1.396

1.291

1.567

1.920

1.848

1.521

1.363

1.304

_L._‘Due to
Zero plate

and
WiX88

1.068 0.0102

I
—.l-----

—— .-.n——
Normal

Due to Net force
rod (lb.) on cup

i
.543I .0975

i .835I .150

.704 I .1265

I .429I .077

I .318I .05’7

.2“13 .0383

.489 .08’78

.842
I
.1510

I ,770 .138

J .443I .0795

I .285
I
.0512

!

I .226I ●Q405

0.763

1.860

2.86

2.41

1.47

1.085

.730

1.675

2.88

2.63“

1.515

.975

.773
—

.

.
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TABLEXIV-A

NormalForce Coefficientfor Four HemisphericalCups
Basedon Single-CupData with 3-CupInterference

-—
cup

positioa

CIJ
—.
cup

position

cii

cup
.position

Ci~

cup
position

c~
cup

position

cyJ
.—
cup

position

c~
.-

Cup
position

c~

cup
position.

cup 1

1

-I-1.575

2

+1.640

3

+1.925

4

+1.620
—..—.—-

5

+0.738
——

6

+0.460

7

+0.0266

8

-0.1085

cup 2
(#l)

7

+0.0266

8

-0.1085
—..__

9

-0.0495
.———

10

-0.245
.—.—

11

-0.407
—.

12

-0.555
————.

13

-0.641
.——

14

-0.525

cup 3
(#z)

-—.....—-.

13

-0.641

14

-0.525
——. —

15

-0,492
—-— -

16

-0.345
—-.— .—

17

-0.118
— ——

18

-0.325
-.—

19

-0.188
——..——

20

+1.000

cup 4
(+1)

—.——.-—-,

19

-0.188
-.

20

+1.000
—-—

21

+1.820
—.— ...-

22

+1.645
.—..—.—

23

+1.625
—-..-—-_

24

+1.520
-.,.———

1

I-1,575
-—..____

2

+1.640

c~Tfor
4 cups
,-.,—..—--

1

+0.773

2

+2.007
-—-— —

3

+3.204
.,—— ..

4

+2.675
--——

5

+1.838
.—

6

+1.100
——=. .

7

+0.773
—.—

8

+2.007

22

—, —

-——
.—

Plotted
position

TotalC~
.— ——
Plotted
position

TotalC~~
——..— ...—
Plotted
position

.—. _____
Plotted
position

TotalCN
—-—— —
Plotted
position

..-—

TotalCl;
——-—..—__
Plotted
-position

TotalC~
-——— — .—
Plotted
position

-———
Plotted
position

TotalC~
.
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TABLEXIV-A (continued)

NormalI’orceCoefficientfor Tour HemisphericalCups
Based.on Single-CupData with 3-CupInterference

cup 1 ! cup 2
1

cup 3
I (#l) (#1) ~

cup
position 9 15 21

(?N -0.0495-0.492 +1.820

cup
position 10 16 22

C17 -0.245 -0,345 -1-1.645

cup
position 11 17 23

%

l-t-
,Up ‘0+:’8 “0’25

position 12 18 24

c~ I -0.555 [-0.325 +1.520
cup

position 13 19 1

‘% -0.641 -0.188 +1.5’?5

——-

Cup 4
(#l)

3

+1.925

4

+1,620
—.

5

+0.738
— .—

6

+0.460
——

7

+0.026{

‘23

~%
Plotted

9 position

--t-

+3.204 Total~
—. —...-

Plotted
10“ position

+2.675ITotalC~7

Plotted
11 position

*

+1.838 TotalCN
...—
Plotted

12 position

+1.100 TotalCN

Plotted
13 position
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Summarydf HemisphericalCup Coefficients
at Positionsof 0° and 180°

for 15J5 om Cup
-—— ——-- —- ———.-.——-—-

!1 ‘----

—— ____ -————

CN cIT %

Singlecup 3-cup 4 cups
interferenceslmulta-

V
——..—-- --———

R.N.
-——- .— neously

mph concaveco”avexconcaveconvex
sifie side side side————-— -—--..—... —.-—.—- —-.———.-—-—.—— -——— —

10 47100 1.390 0.541 1.620 1.140 0.763
.

15 70700 1.602 .446 1.756 .661

20 94200 1.485 .4275 1.575 .641 .975

40 188400 1.540 .444 1.565 .463
--——.-—-—————— — ————.- —-

At 0° and 180° clI= Cn
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Figure1.- front tin of
appaxatuswith
singleoup.

Figure3.-Retiri%ht~ew
ofapparatw~

E’igure4.-Rightfrontview
ofapparatus~
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* hutleutle~ D,leverarm G,tap*e plate
%=ob=we E,bottcmbasep18te

c:-t- J, mq rod
Sd S- r, Spaoere x, q

?igores 5smd6.-Detail vieuofqpare$m

Figure8.-Viewof6regbalenoe
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/=FY3-L
N,,

Fig.7

A,adjustingseat
B,angularchange
C,ballbearings
D,basechannel

screws
wheel

E,bottombaseplate
F,CUpS
G,cupclips
H,dragwireattachment
1,floorchannels
J,leverarm :
K,locknut
L,platespacers
M,principalhousing
N,rod
O,setnut
P,spindle
Q,spindlesetpin
R,strut
S,topbaseplate
T,torqueshaft
U,torqueshafthead
V,wheelsetpin

Figure7.-Assembly
ofcup
anemometer c?!

1! i R-.w

L--------------1,;

flooroftunnel
-, 7.
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Flguso11.-R6aidwutooof sl=le anemometercup.1S.5 Omape
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